A carotid-cavernous fistula
A carotid-cavernous sinus fistula (CCF) is an abnormal communication between arteries and veins within the cavernous sinus. CCFs may be classified into four types: direct fistulas (Barrow type A) and dural, or indirect, fistulas (Barrow types B, C, and D). 1 Direct fistulas are characterized by a direct connection between the internal carotid artery (ICA) and the cavernous sinus ( Figure 1a ). 1 They are usually high-flow fistulas. Causes include penetrating or blunt trauma, rupture of an ICA aneurysm within the cavernous sinus, Ehlers-Danlos syndrome type IV, or iatrogenic interventions, including transarterial endovascular intervention, internal carotid endarterectomy, percutaneous treatment of trigeminal neuralgia, trans-sphenoidal resection of a pituitary tumour, and maxillofacial surgery. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Dural CCFs typically are low-flow fistulas that consist of communications between the cavernous sinus and cavernous arterial branches ( Figure 1b ). Barrow type B fistulas involve meningeal branches of the ICA, Barrow type C involve external carotid branches, and Barrow type D fistulas include meningeal branches from both the internal and external carotid arteries. Spontaneous dural CCFs are usually type D. 18 The artery of the inferior cavernous sinus is the most frequently implicated trunk of the ICA, but dural fistulas also may involve the meningohypophyseal trunk and its branches. The most commonly involved branch of the external carotid artery is the internal maxillary artery, with other implicated branches being the middle and accessory meningeal arteries, ascending pharyngeal artery, anterior deep temporal artery, and posterior auricular artery. 19 Causes of dural fistulas include hypertension, fibromuscular dysplasia, Ehlers-Danlos type IV, and dissection of the ICA. [20] [21] [22] [23] Post-menopausal women most commonly are affected. 19 The pathogenesis of dural CCFs likely involves a primary thrombosis of cavernous sinus venous outflow channels and resultant vascular alterations to provide collateral flow. 22, 24, 25 This theory of pathogenesis is widely supported because it also accounts for the development of arteriovenous fistulas involving other dural sinuses. 18 However, some authors favour a conflicting theory, which purports that dural CCFs form after rupture of one or more thin-walled dural arteries, leading to the dilation of pre-existing dural-arterial anastomoses. These anastomoses then contribute collateral blood supply, and the angiographic result is similar to that of a congenital vascular malformation. 1, 26 Presenting symptoms of CCFs may include a subjective bruit, diplopia, tearing, red eye, ocular foreign body sensation, blurred vision, and headache. 1, [27] [28] [29] [30] [31] Anteriorly draining fistulas are more likely to cause ocular symptoms. 22 Patients with posteriorly draining fistulas may develop neurologic symptoms, such as confusion and expressive aphasia, 32 as well as diplopia from isolated ocular motor nerve pareses. Clinical symptoms and signs usually present acutely in cases of direct fistula and are more indolent in dural fistulas.
Clinical signs of CCFs depend in part on whether the lesion is high flow or low flow but include proptosis ( Figure 2 ) that may be pulsating in the setting of highflow lesions; a red eye with arterialization of the conjunctival and episcleral vessels ( Figures 2 and 3) ; chemosis ( Figure 4) ; strabismus due to ocular motor nerve dysfunction ( Figure 5 ), orbital congestion, or both; an ocular bruit; increased intraocular pressure (IOP); stasis retinopathy or even central retinal vein occlusion in cases of significantly raised episcleral venous pressure; and optic neuropathy that may be non-glaucomatous from direct trauma or ischaemia, or glaucomatous. 28, 33 Although an objective bruit is more common in the setting of a high-flow fistula, it may be elicited with a Valsalva manoeuvre in some patients with low-flow fistulas. 27, 34 Neurogenic strabismus most commonly presents as a sixth nerve palsy ( Figure 6 ). 22, 35, 36 The relative frequency of sixth nerve involvement occurs due to the central location of the sixth nerve adjacent to the ICA within the cavernous sinus (Figure 1 ), placing it at higher risk of injury than the other cranial nerves that are located in the deep layer of the lateral wall of the sinus.
When there is suspicion for a CCF, in-office evaluation may include standard tonometry, pneumotonometry, ultrasonography, and/or colour Doppler imaging. Simply observing the movement of the mires during applanation tonometry can provide a clue to the presence of a CCF when there is greater movement on the side of the ocular manifestations than on the other side. Similarly, although most clinics do not have access to a pneumotonograph, pneumotonometry can be a valuable diagnostic tool, as a difference in ocular pulse amplitudes (defined as the difference between systolic and diastolic IOP) of 1.6 mm Hg between the two eyes has been shown to be 100% sensitive and 93% specific for a CCF ( Figure 7 ). 34 Orbital ultrasound typically reveals a dilated superior ophthalmic vein (SOV) and evidence of orbital congestion with enlarged extraocular muscles and also can be used to exclude mimickers of CCF, including orbital tumours, dysthyroid orbitopathy, orbital inflammation, and scleritis. 37 Colour Doppler evaluates flow velocity and direction, thus indicating arterial flow in the orbital veins in cases of CCF. 33 The presence of flow reversal in the SOV is suggestive of a CCF.
Patients in whom a CCF is suspected require neuroimaging that may include non-invasive computed tomographic angiography (CTA) or magnetic resonance angiography (MRA). Both techniques have high sensitivities for both direct and dural CCFs that cause visual manifestations. Chen et al 38 performed a retrospective study of 53 patients with angiographically confirmed direct or dural CCFs. All patients underwent pre-and postcontrast-enhanced CTA and digital subtraction angiography (DSA), and 50 patients also underwent MRA. Two neuroradiologists rated detectability of the fistula by using each procedure. The investigators found that CTA did not differ significantly from DSA, with CTA having a sensitivity of 87 vs 94.4% sensitivity for DSA. The sensitivity for MRA was significantly lower than either CTA or DSA, being 80%. Differences in performance among the methods depended primarily on the segmental location of the fistula along the ICA. In addition, enlargement of the SOV on standard CT scanning or MR imaging (MRI), either unilaterally or bilaterally, has been found to be suggestive of a CCF (Figure 8 ). 28 CT and MRI also may show orbital congestion, with enlargement of the extraocular muscles and periorbital fat, and convexity of the lateral wall of the cavernous sinus. 34 However, as these findings are not specific for a CCF, patients in whom a CCF is suspected still may require DSA, which remains the gold standard for classification and diagnosis of CCF and can be both diagnostic and therapeutic. Angiographically, high-flow fistulas show rapid filling of the cavernous sinus through the fistula with minimal or no filling of the intracranial vasculature, whereas low-flow fistulas demonstrate slower filling of the cerebral venous system through the fistula, with preserved filling of the intracranial arteries. In addition, DSA characterizes the drainage pattern of the fistula (eg, anteriorly via the SOV, posteriorly via the inferior petrosal sinus (IPS), or a combination of the two; . It also can determine whether there is reflux into cortical veins. 39 Previously, the treatment options for direct CCFs were limited to observation or treatment consisting of trapping of the fistula by ligating the cervical ICA proximal to the fistula and the intracranial ICA distal to the fistula or occlusion of the common carotid artery or ICA, either of which could result in a cerebral ischaemic event due to an induced low-flow state or an embolic event. 1, 40 With the development of endovascular interventional techniques, open surgical procedures are no longer preferred, the range of potential therapies has broadened, and the ICA almost always can be preserved. Endovascular treatment is less invasive and carries a lower risk of cerebral infarction, compared with ICA sacrifice. 41 The ideal treatment approach depends on the arterial supply, the venous drainage, the speed of blood flow through the fistula, and the patency of the circle of Willis. 18, 42 A transarterial approach via the ICA is most commonly used. A guiding catheter is placed in the ipsilateral femoral artery and advanced up to the ICA, followed by introduction of a microcatheter into the cavernous ICA, then through the fistula into the cavernous sinus. The embolic material of choice, including detachable balloons, coils, n-butyl cyanoacrylate (acrylic glue), or ethylene vinyl alcohol copolymer (Onyx Liquid Embolic System, Micro Therapeutics, Inc., Irvine, CA, USA) is then injected into the cavernous sinus through the microcatheter. 43 Detachable balloons commonly have been used for fistula repair. Although these balloons have not been available on the United States market since 2003, they remain available in some other parts of the world. 20 Transarterial balloon placement is accomplished by directing the collapsed balloon through the fistula and into the cavernous sinus, inflating the balloon to a size large enough to completely occlude the fistulous connection, and then releasing the balloon. Since the removal of balloons from some markets, coiling has largely replaced this procedure as the endovascular treatment of choice for direct CCFs. 43, 44 Some authors advocate the use of acrylic glue as an embolic material due to its cost effectiveness and potential for an improved safety profile among patients at high risk for vascular injury due to connective tissue disease. 45 Flow-diverting stent assistance may be used for endoluminal reconstruction in cases with large tears in the ICA wall, through which the injected embolic material could pass back into the arterial circulation, thus placing the patient at risk for embolic complications. These stents may be deployed across the ICA tear to prevent backflow of the injected material. Some authors claim that the use of flow-diverting stents also may facilitate endothelialization of the injured ICA. 46 Disadvantages to the addition of a flow-diverting stent include the cost of the device and the need for postoperative antiplatelet therapy. A transvenous approach via the IPS or superior or inferior ophthalmic vein may be used in some cases where transarterial approach is not feasible. Overall, endovascular intervention offers a 90-100% cure rate with a low rate of complications 35, 45, [47] [48] [49] and an acceptably low mortality rate of o1%. Minor transient complications, including haematoma, facial pain, and ocular motor nerve palsies, occur in 1-30% of cases. 18 Major sequelae, including hemiparesis and permanent ocular motor nerve palsy, are quite rare in the general population; however, patients with Ehlers-Danlos type IV have much higher complication rates with both diagnostic and therapeutic endovascular procedures due to the underlying vascular fragility in this condition. 4 In addition, some authors report often-overlooked, moderate, persistent ocular motor deficits, which they relate to coil volume, either indirectly, as a surrogate marker for the size of the initial vascular injury, or directly, via associated mass effect on the cranial nerves within the cavernous sinus. 50 Treatment options for dural CCFs include observation, IOP-lowering agents, intermittent compression of the ipsilateral ICA or SOV, stereotactic radiosurgery, and endovascular intervention. As up to 70% of dural CCFs close spontaneously due to local thrombosis of the SOV propagating posteriorly, observation or conservative treatment techniques not only are acceptable but also are the preferred approaches to management in cases without high-risk features. 20, 33, 37, 51 Initially, spontaneous closure may be associated with exacerbation of the clinical symptoms and signs; in this setting, patients may require repeat angiography. 34 Closure of dural CCFs also has been reported after diagnostic angiography and air travel. 17, 37, 49 If invasive intervention is not warranted, patients may use techniques of occlusion, such as external manual carotid compression, to promote resolution of the CCF. Using the contralateral hand, the patient compresses the ICA on the involved side, thus lowering the carotid arterial pressure through the fistula. The contralateral hand is used so that if cerebral ischaemia occurs, the patient will develop a hemiparesis, and the hand will release its pressure on the artery. Compression is repeated several times per hour, for 10 s with each repetition initially, with progressive titration of treatment session duration to several minutes. After exclusion of patients deemed to be poor candidates for carotid compression therapy, due to decreased visual acuity or cortical venous drainage of the fistula, success rate of this procedure has been reported to be 35%, with resolution occurring between 2 weeks and 7 months after initiation. 52 Carotid compression is contraindicated in patients with carotid atherosclerotic disease, as they are already at risk for stroke from insufficient carotid blood flow and embolic complications. An additional at-home technique involves repeated compression of the SOV on the involved side. Using the thumb over the superomedial orbital rim, compression of the SOV is held for 10 min, and the procedure repeated four to six times daily. 53 Success of this procedure has been demonstrated within a 4-to 6-week period in patients wishing to avoid invasive procedures, as well as in patients who have failed attempted endovascular repair. 53 Although a watchful waiting approach is reasonable in many patients with a dural CCF, treatment sometimes is required to prevent long-term sequelae. Indications for intervention include uncontrollable IOP, unremitting diplopia, severe proptosis with corneal exposure, optic neuropathy, retinal ischaemia, severe bruit, and cortical venous drainage from the fistula. Endovascular treatment is first line and may be performed transarterially or transvenously. Similar to embolization of direct CCFs, embolization of dural CCFs may be accomplished using coils, acrylic glue, or Onyx, which can be used individually or in combination. 54, 55 Flow-diverting stents also may be used alone or in combination with coils. 20 Advantages of coils include their radio-opacity and ability to be re-deployed or removed if initial placement is not ideal; however, their solid, fixed state may lead to compartmentalization within the cavernous sinus, thus producing incomplete embolization of the fistula. The liquid state of both acrylic glue and Onyx addresses this disadvantage, allowing for obliteration of even an anatomically complicated fistula with a single infusion of embolic material. 56 Pathologic study has demonstrated that injection of acrylic glue triggers an acute inflammatory response in the affected vessel, leading to mural angionecrosis. This reaction is followed by a chronic granulomatous vasculitis that contributes to durability of the treatment effect. 57 Some authors report a high rate of success when transarterial embolization using acrylic glue is performed as the primary approach to dural fistulas. 31 Compared with glue, Onyx is more cohesive and polymerizes more slowly. These characteristics allow the neurointerventionalist to inject slowly or even discontinuously into the cavernous sinus, thus resulting in improved accuracy and reducing the need for repeated catheterizations. 58 As an Onyx injection proceeds, collateral vessels not apparent on initial angiography may become visible, and injection of further embolic material can be tailored, based on the observations of Onyx during its injection. 59 Endovascular treatment for dural CCFs has a lower rate of success and a higher risk of complications compared with treatment for direct CCFs. Historically, due to the frequent involvement of multiple meningeal arterial branches and the difficulty cannulating these small, tortuous branches, arterial approaches frequently have been unsuccessful in treating dural fistulas. However, with the use of Onyx, success of the transarterial approach in treating dural CCFs has increased, with one paper reporting angiographic cure rates of 87% when the agent is used alone and 79% when it is used in combination with another agent, with a 2% risk of permanent complications. 59 Despite increasing success of transarterial procedures, a transvenous approach via the IPS, superior petrosal sinus, basilar plexus, pterygoid plexus, SOV, or inferior ophthalmic vein, still is preferred for most dural CCFs that require treatment ( Figure 10) . 41, 58, 60 The IPS is the first-line approach, as it is the most straightforward and shortest route to the cavernous sinus. Advances in endovascular technology, including the development of variable stiffness microcatheters and guidewires, have increased feasibility of this approach such that it is now possible in the majority of patients. 61 To access the IPS, a posterior approach via the internal jugular vein is used. When the IPS approach is not possible due to anatomic Figure 10 Successful closure of a dural CCF using a transvenous approach via the SOV. Prior to treatment, the common carotid arteriogram shows a dural CCF draining both anteriorly and posteriorly (left). After treatment, there are multiple platinum coils present within the fistula (middle). Post-procedure common carotid arteriogram shows obliteration of the fistula with intact flow in the ICA (right). venular variations or thrombosis, an SOV approach may be used. 29 The SOV is approached via an anterior orbitotomy, and a venous catheter is then advanced through the SOV into the cavernous sinus. Although the majority of patients with a CCF have dilation of the SOV, an SOV that is fragile, small, thrombosed, or associated with other vascular anomalies (eg, varices) may elude cannulation. 62 Nonetheless, success of this approach has been reported even in the setting of SOV thrombosis. 54 When transvenous approaches are not feasible due to vessel tortuosity, or venous sinus thrombosis or occlusion, a direct orbital approach to the cavernous sinus with fluoroscopic guidance may be considered. 58 A recent systematic review reported a 90% success rate with no major complications among CCF embolization procedures completed via an orbital approach. 63 Coils commonly are used in transvenous procedures ( Figure 10 ). Nylon-fibred platinum coils are preferred to bare platinum coils due to their improved thrombogenicity. 61 Use of 3D rotational angiography, an emerging imaging technique, permits identification of the fistula point and downstream venous sac. This detailed anatomic characterization of the fistula may improve treatment planning for targeted embolization in the future. 64 The success rate for transvenous procedures is~80%, albeit with a centre-dependent complication rate that ranges up to 20%. 19, 31, 61, 65, 66 Reported complications include ocular motor nerve palsies; trigeminal sensory neuropathy; brainstem infarction; significant IOP elevation; intracranial haemorrhage; pulmonary emboli; and orbital haemorrhage in the setting of the SOV or inferior ophthalmic vein approach. 61, [65] [66] [67] [68] In addition, a case of inappropriate antidiuretic hormone secretion (SIADH) has been reported, which the authors attributed to disruption of posterior pituitary blood supply by the Onyx used for embolization. 69 Although the risk involved necessitates careful patient selection, successful endovascular treatment can lead to marked improvement in signs and symptoms ( Figure 11 ).
When an endovascular approach is not feasible or has been unsuccessful, stereotactic radiosurgery (SRS) may be considered for treatment of a dural CCF. Using a therapeutic radiation dose of 20-50 Gy, SRS induces an injury of the targeted vessel, thus obliterating the vessel lumen. It has the benefit of being less invasive than endovascular embolization, although the treatment effect is delayed by several months, which makes the procedure inappropriate for patients at risk for acute visual or neurological decompensation. Reports of complete resolution of a CCF with SRS treatment range from 50 to 100%. 36, 70, 71 The risk of immediate complications is low; however, data on late radiation-induced complications are limited. 36 In conclusion, whether direct or dural, most CCFs can be diagnosed clinically. Invasive treatment usually is not required in most cases of low-flow fistulas, as these may close spontaneously. For patients with high-flow fistulas and those in which there is cortical venous drainage, successful closure usually can be achieved with an acceptably low morbidity and virtually no mortality using current endovascular techniques. Figure 4 .
